Abstract. The bentgrasses (Agrostis spp.) are among the most important species to the turfgrass industry. They have complex genomes resulting from polyploidization and high rates of interspecific hybridization. An understanding of species relationships would improve the efficiency of developing improved bentgrass cultivars. To elucidate the evolutionary relationships among Agrostis species, phylogenetic analyses were performed on sequences of two chloroplast-encoded intergenic spacer regions. A 298-bp region of the trnL-trnF intergenic spacer and a 451-bp region of the atpI-atpH intergenic spacer were included in the analyses. A total of 47 Agrostis accessions were included with both cultivated and unimproved material from the National Plant Germplasm System. Of these 47 Agrostis collections, there were 10 unique trnL-trnF haplotypes and eight distinct atpI-atpH haplotypes, indicating a high degree of shared sequence identity within these chloroplast intergenic regions. These findings suggest that the chloroplast genomes of A. canina and A. stolonifera are more closely related to each other than either species is to A. capillaris, incongruent with our previous understanding of genome relationships in the genus.
The bentgrasses (Agrostis spp.) are important species to the turfgrass industry because of their ability to form a dense, high-quality turf at low mowing heights. There are between 150 and 200 species of Agrostis (Harvey, 2007) , and the evolutionary relationships between species are not clearly understood. Deducing these relationships is complicated by a number of factors. The major turf-type Agrostis species are highly outcrossing and exhibit high rates of heterozygosity (Warnke et al., 1998) . Several species are polyploid causing homoeologous loci. Homologous genes often have high levels of sequence identity and may not be informative. Intermediate morphologies exist between taxa making taxonomic classification difficult. Interspecific hybridization is common and these reticulation events are difficult to represent in bifurcating phylograms. Jones (1956a Jones ( , 1956b Jones ( , 1956c described the chromosome pairing behavior during metaphase I of meiosis among Agrostis stolonifera, A. canina, A. capillaris, A. vinealis, and A. gigantea. Agrostis vinealis is an autotetraploidization of A. canina (Jones, 1956a) and these species have the genome designations A 1 A 1 A 1 A 1 and A 1 A 1 , respectively (Brilman, 2001) . The tetraploids A. capillaris (A 1 A 1 A 2 A 2 ) and A. stolonifera (A 2 A 2 A 3 A 3 ) share one sub-genome in common (A 2 A 2 ) and the hexaploid A. gigantea (A 1 A 1 A 2 A 2 A 3 A 3 ) has two sub-genomes in common with both A. capillaris and A. stolonifera (Jones, 1956b (Jones, , 1956c . The experiments conducted by Jones are among the most comprehensive describing the relationships between these common turf-type Agrostis species.
Evidence of Agrostis species relationships based on contemporary molecular marker technologies is lacking. Molecular markers have been used in several studies to explore Agrostis genetic diversity. For example, Vergara and Bughrara (2003) examined 400 polymorphic amplified fragment length polymorphism (AFLP) makers in a set of 40 Agrostis accessions representing 14 species. They reported that A. transcaspica is diploid and based on clustering of AFLP markers, this species may have contributed the A 3 A 3 genome to the evolution of A. stolonifera and A. gigantea. explored genetic diversity among 75 Agrostis accessions along with six closely related species based on 1309 miniature invertedrepeat transposable element (MITE) display markers. The modified AFLP technique, MITE display, anchors the amplified products to MITEs. The Agrostis accessions were divided into six clades based on marker clustering . Species relationships can be partially inferred from these Agrostis diversity studies, but there have been no studies designed to specifically explore these relationships.
Species relationships can be deduced from nuclear and plastid DNA sequences. Reichman et al. (2006) sequenced the chloroplast matK gene and nuclear internal transcribed spacer (ITS) region from 19 Agrostis and three Polypogon accessions. Phylogenetic analysis of the DNA sequences was used to determine if transgenic A. stolonifera from a controlled area was capable of pollinating wild populations of related species growing at a distance. The individual phylogenies were used to distinguish Agrostis accessions by species. Certain Agrostis species have been included in phylogenies of the Aveneae and Poeae tribes based on DNA sequence data, placing Agrostis species sister to Calamagrostis and Polypogon species within the tribe Aveneae (Döring et al., 2007; Quintanar et al., 2007; Soreng et al., 2007) .
Inference of Agrostis evolution, a highly outcrossing polyploid, based on ITS or other high copy-repetitive sequence elements, might not provide an accurate depiction of species evolution (Feliner and Rosselló, 2007) and single or low-copy nuclear genes might be more informative (Feliner and Rosselló, 2007; Sang, 2002) . One drawback of using low copy genes is that they can be difficult to identify in non-model organisms such as Agrostis. Rotter et al. (2007) sequenced expressed sequence tag DNA libraries of the two Agrostis tetraploid species A. stolonifera and A. capillaris covering 10% of the predicted gene space. This sequencing effort led to the identification of 177 and 161 Oryza Conserved Ortholog Set (COS; Fulton et al., 2002 ) genes conserved in the A. capillaris and A. stolonifera DNA sequence libraries, respectively. Fulton et al. (2002) describe a reference set of 1025 COS genes that are single or low copy genes and conserved across diverse genomes. Seven of the 161 A. stolonifera and 11 of the 177 A. capillaris Oryza COS gene homologs were found to have conserved sequences in other grasses. These sequences were used in phylogenetic analyses that placed the Agrostis species closer to Festuca arundinacea than to Avena sativa, which is interesting because Agrostis is in the same tribe as A. sativa, whereas F. arundinacea is in the Poeae tribe. Agrostis was placed in the Aveneae tribe based on morphological characteristics and enzyme restriction patterns of chloroplast DNA (Soreng and Davis, 1998; Watson, 1990) . The two tribes are closely related (Kellogg, 1998; Soreng et al., 2007) and share many common chloroplast DNA restriction sites (Soreng et al., 1990) .
Chloroplast sequences would be more informative for deducing Agrostis relationships because chloroplasts are maternally inherited in Agrostis and have simple genomes (Warnke, 2003) . Soreng et al. (2007) performed a phylogenetic analysis of the tribe Poeae using morphological characteristics and sequence data of three chloroplast-encoded genes, maturase K (matK), NADH dehydrogenase subunit F (ndhF), and ATP synthase beta subunit (atpb). The sequence data for this project are available through the National Center for Biotechnology Information databases and the analysis included the species Agrostis tenerrima Trin., Calamagrostis arundinacea (L.) Roth., C. canadensis (Michx.) P. Beauv., Polypogon monspeliensis, Festuca rubra L., and F. subverticillata (Pers.) E.B. Alexeev. Soreng et al. (2007) found that molecular character data were better than morphological data at describing a well-resolved set of species relationships. Similarly, Döring et al. (2007) sequenced the matK gene from a number of specimens from the Aveneae/ Poeae complex including A. capillaris, C. rivalis (Torges) H. Scholz., C. macrolepis Litv., Apera spica-venti (L.) P. Beauv., P. monspeliensis, Avena sativa L., F. altissima All., and F. gigantean (L.) Vill. Agrostis can hybridize with Polypogon spp. and shares morphological characteristics in common with Apera and Calamagrostis spp. (Harvey, 2007) . The results of Döring et al. (2007) were consistent with Soreng et al. (2007) and it is interesting that both phylogenies of chloroplast-encoded gene sequence data placed Agrostis more closely to Avena than Festuca in contrast to the COS phylogenetic analysis performed by Rotter et al. (2007) .
Different homologous DNA segments from related taxa often have inconsistent evolutionary histories and analyzing the DNA segments separately will often yield trees of differing topologies (McBreen and Lockhart, 2006) . These inconsistencies may arise from reticulation events such as horizontal gene transfer, recombination, and hybridization that are not well represented by bifurcating phylogenetic trees (Huson and Bryant, 2006; Huson et al., 2005; Linder and Rieseberg, 2004) . A phylogenetic network might be the best representation of the evolution of Agrostis, because a number of Agrostis species are polyploids and thought to have evolved from naturally occurring interspecific hybrids (Casler and Duncan, 2003) . The software program SplitsTree4 can render phylogenetic networks from individual gene trees (Huson and Bryant, 2006) .
Since the 1956 cytological experiments of Jones, there have been a number of advancements for investigating relationships between Agrostis species, particularly with the use of molecular markers, sequence data, and phylogenetic analyses. Genetic relationships in Agrostis have been studied using nuclear markers Vergara and Bughrara, 2003) , but the focus of these studies was to resolve genetic diversity. Agrostis has been included in other phylogenetic studies of the tribe Poeae and Aveneae (Döring et al., 2007; Quintanar et al., 2007; Soreng et al., 2007) , but to date, there are no studies focused on resolving evolutionary relationships within Agrostis based on chloroplast sequences. In the present study, the chloroplast encoded trnL-trnF and atpI-atpH intergenic spacer regions were sequenced from a diverse set of Agrostis germplasm to study the relationships between accessions. Phylogenies of both cultivated and non-cultivated National Plant Germplasm System Agrostis accessions were compared to identify any incongruence and infer species relationships. Species relationships are complex in Agrostis, but a better understanding will assist plant breeders in maximizing wide crossbreeding, identify bridging species to introgress important traits, identify evolutionary events that have led to important turf characteristics, and resolve polyploidization events in the genus.
Materials and Methods
Plant material and DNA extraction. Accessions of Agrostis were chosen that represent cultivated and non-cultivated accessions, various ploidy levels as predicted by flow cytometry, different species, and different geographic regions (Table 1) . Seeds of each accession were obtained from the National Plant Germplasm System, Dr. Doug Johnson (Forage and Range Research Laboratory, U.S. Department of Agriculture), or from the National Turfgrass Evaluation Program. Seeds were planted in Premier Pro-Mix BX soil (Premier Horticulture Inc., Quakertown, PA) in 2.5-cm-diameter Cone-tainers (Stuewe and Sons, Tangent, OR) and maintained in a temperature-controlled greenhouse on .
Conserved chloroplast primer screen. The Agrostis stolonifera L. cv. Penn-A4 chloroplast genome (EF115543) was obtained from GenBank. Chloroplast-specific primer sequences reported by Shaw et al. (2005 Shaw et al. ( , 2007 and Small et al. (1998) were computationally screened against the A. stolonifera chloroplast genome in LaserGene (DNASTAR Inc., Madison, WI). Conserved primer pairs are shown in Table 2 . A polymerase chain reaction (PCR) protocol consisting of denaturing the sample at 95.0°C for 5.0 min followed by 35 cycles of 95.0°C for 1.0 min, 45.0°C for 45.0 s, and 72.0°C for 1.5 min followed by holding the sample at 72.0°C for 5.0 min was used to test the conserved primer pairs against a panel of Agrostis germplasm. Each PCR reaction contained 1.0 units recombinant Taq DNA Polymerase (Invitrogen, Carlsbad, CA), 20 mM Tris pH 8.4, 50 mM KCl, 1.5 mM MgCl2, 0.25 mM each dNTP (Promega, Madison, WI), 0.5 mM each primer, and 20 ng template DNA.
The software program DNASTAR Lasergene Version 6 was used to identify conserved chloroplast-specific primer pairs reported by Shaw et al. (2005 Shaw et al. ( , 2007 and Small et al. (1998) in an Agrostis stolonifera cv. Penn-A4 chloroplast genome (GenBank Accession EF115543). Seventeen conserved primer pairs were identified and their relative base pair position on the chloroplast genome was determined (Table 2) . A subset of conserved primer pairs was screened on a diverse panel of Agrostis DNA and successfully amplified products sequenced. The primer pairs amplifying the trnL-trnF and atpI-atpH intergenic spacer regions of the chloroplast genome amplified well in all accessions tried and were subsequently sequenced from the 52 accessions composed of one Apera accession, three Polypogon accessions, and 48 Agrostis accessions (Table 1) .
DNA sequencing and phylogenetic analysis. All sequencing reactions of atpI-atpH and trnL-trnF intergenic spacer regions were performed using the BigDye3.1 sequencing kit (Applied Biosystems, Foster City, CA). Sequencing reactions were run separately for each primer specified by the A and K primer group identifier in Table 2 and on a GeneAmp2700 ThermalCycler (Applied Biosystems). Sequences were aligned with ClustalW2.0.9 (Thompson et al., 1994) and manually adjusted to further optimize alignments. Different methods were tested for encoding insertions and deletions in the alignments, including the complete omission of the gapped regions, the replacement of gap characters by a fifth base, the treatment of gaps as missing data, and the Barriel method (Barriel, 1994) . The Barriel method encodes gapped regions with multistate characters to account for informative gaps in the data matrix.
Apera accessions aint-1 and aint-2 defined the outgroup in all phylogenetic analyses.
Maximum parsimony and maximum likelihood analyses were performed using the software program PAUP* Version 4.0b10 (Swofford, 2002) and Bayesian analysis was done using MrBayes Version 3.1.2 (Huelsenbeck and Ronquist, 2001; Ronquist and Huelsenbeck, 2003) . Maximum parsimony analysis was performed using a heuristic search with random addition of sequences. The most likely model of evolution was determined using ModelTest3.7 (Posada and Crandall, 1998) and implemented in both maximum likelihood and Bayesian phylogenetic analyses. Bayesian analysis was run for 1,000,000 MCMC generations and sampled after every 100. The average SD of split (Small et al., 1998) , THII (Shaw et al., 2005) , and THIII (Shaw et al., 2007) .
frequencies between the independent analyses for each of the chloroplast DNA regions was below 0.01, suggesting high confidence of convergence. Bootstrap analysis was run on both the maximum parsimony (10,000 replicates) and maximum likelihood (1,000 replicates) analyses. Splitstree4 was used to build consensus networks from multiple gene trees to identify discordances between phylogenies with default threshold and edge weight parameters. The split graph was drawn as a rectangular cladogram using the cluster network split transformation.
Results
The alignment of a 298-bp conserved region of the trnL-trnF intergenic spacer region was used in the phylogenetic analyses. This region contains two gaps and 38 variable sites, 32 of which are parsimonyinformative (10.7% of bps). Thirteen unique haplotypes were identified in the set of 52 accessions (Table 3) . Similarly, alignment of a 451-bp conserved region of the atpI-atpH intergenic spacer region had 12 gaps and 58 variable sites, 48 of which are parsimonyinformative (10.6% of bps). There were 11 distinct haplotypes (Table 4 ) of the atpIatpH intergenic spacer region.
A phylogenetic analysis of the atpI-atpH and trnL-trnF intergenic spacer regions was performed separately on the cultivated Agrostis accessions from Table 1 along with the Polypogon and Apera accessions or on the full set of 52 accessions listed in Table 1 . Of the four gap-encoding methods, complete omission of the gapped regions reduced the number of atpI-atpH haplotypes from 11 to nine and trnL-trnF haplotypes from 13 to 11. The other three methods: new state, missing, and the Barriel method, resulted in similar phylogenies so the Barriel method was chosen because it effectively represents informative gaps. The predicted model of evolution for both the trnL-trnF and atpI-atpH regions was a general time reversible model with equal base frequencies.
Maximum parsimony analysis of the trnL-trnF region for the set of 52 accessions gave a single most parsimonious tree with a length of 45, consistency index of 0.9778, and homoplasy index of 0.0222 (Fig. 1) . Maximum parsimony analysis of the atpIatpH region for the same taxa gave a single most parsimonious tree with length of 79, a consistency index of 0.9367, and homoplasy index of 0.0633 (Fig. 2) . All three phylogenetic analysis methods, maximum parsimony, maximum likelihood, and Bayesian inference, gave topologically similar trees for both intergenic spacer regions.
A maximum parsimony analysis of the trnL-trnF region from cultivated Agrostis accessions (Table 1) had a single best tree of length of 30, consistency index of 1.0, and homoplasy index of 0.0 (Fig. 3) . The maximum parsimony phylogeny of the atpI-atpH region had a length of 42, consistency index of 1.0, and homoplasy index of 0.0 (Fig. 4) . Maximum parsimony, maximum likelihood, Table 3 . Unique trnL-trnF intergenic spacer haplotype.
Representative group ID Accessions with identical haplotypes aint-1 aint-1, aint-2 pchi-1 pchi-1 pvir-1 pvir-1, pvir-2 acan-10
acan -10, acan-11, agig-1, acan-2, acan-6, acan-7, acan-8 acap-7 acap-7, acap-25, acap-26, acas-11, acas-3, acas-8, apal-1, asto-29, asto-30, atri-1, agig-5, agig-12 acla-2 acla-2, amon-3, amon-5, atri-2, atri-4 acla-5 acla-5, agig-77, asp-4, atri-3, avin-1, asto-1, agig-47 alim-1 alim-1 alya-1 alya-1 amun-7 amun-7 asto-36
asto -36, asto-40, asto-19, asto-34, asto-3, asto-4, asto-5, asto-6, asto-7, asto-9, asto-13 asto-23 asto-23 asto-12 asto-12 Table 4 . Unique atpI-atpH intergenic spacer haplotypes.
acan -10, acan-11, acla-5, agig-77, asp-4, asto-40, asto-23, asto-34, atri-3, avin-1, agig-1, asto-1, agig-47, asto-4, asto-5, asto-6, asto-7, asto-12, asto-13, acan-2, acan-6, acan-7, acan-8 acap-7 acap-7, acap-25, acap-26, acas-11, acas-8, apal-1, asto-29, asto-30, atri-1, agig-5, agig-12 acas-3 acas-3 acla-2 acla-2, amon-3, amon-5, atri-2, atri-4 alim-1 alim-1 alya-1 alya-1 amun-7 amun-7 asto-36 asto-36, asto-19, asto-3, asto-9 and Bayesian inference gave topologically similar trees for both intergenic spacer regions. Both the trnL-trnF and atpI-atpH intergenic spacer regions divided the accessions into five distinct clades. The Polypogon accessions formed a single clade that is closely related to the clade representing the A. capillaris and A. castellana accessions. The remaining A. stolonifera and A. canina accessions formed two more groups. The atpI-atpH intergenic spacer region was not successful at distinguishing the A. canina accessions from the A. stolonifera accessions. The A. stolonifera accessions asto-3, asto-9, and asto-36 formed a distinct subgroup within the A. stolonifera and A. canina accessions. The trnL-trnF spacer region was able to distinguish the A. canina accessions from the A. stolonifera accessions forming two distinct clades. A Splitstree4 consensus network of the chloroplast-encoded intergenic spacer regions showed one disagreement; the placement of amun-7 was inconsistent between the individual sequence phylogenies (Fig.  5) . One difference between the individual chloroplast DNA sequence analyses of the placement of amun-7 is in its relationship to the A. stolonifera and A. canina accessions. The analysis of the trnL-trnF region supports a closer relationship of amun-7 to the A. stolonifera and A. canina accessions compared with the same relationships from the atpI-atpH phylogeny.
Discussion
Polyploidization events, origins of turftype species, sources of novel germplasm, and targets for developing interspecific hybrids may be inferred from the evolution of Agrostis species. Chloroplast DNA sequence regions have been used to resolve phylogenies of several grass species (Fortune et al., 2008; Ge et al., 2002; Gillespie et al., 2006; Guo and Ge, 2005) . There were only a few distinct haplotypes of the trnL-trnF and atpI-atpH intergenic spacer regions within this set of Agrostis, and therefore these chloroplast regions might not provide a detailed view of evolutionary processes in Agrostis. Another possibility is that the chloroplast genomes among Agrostis share a high degree of sequence identity, which would make it difficult to resolve species relationships using chloroplast-based sequence data.
The lack of cohesion of species in the individual chloroplast sequence-based phylogenies calls into question the ability to resolve species relationships using these chloroplast-encoded DNA sequences. For example, asto-1, asto-29, and asto-30 do not fall into or near the same clade as the rest of the A. stolonifera accessions. Similarly, the four A. trinii accessions and the five A. gigantea accessions are distributed throughout the phylogenetic tree and do not appear to be closely related. There are several possible reasons for this inability to distinguish species based on chloroplast sequence data, including incorrect accession identification in the National Plant Germplasm System. Additionally, multiple origins of a single species could result in different maternal chloroplast ancestral genomes. The possibility also exists that the chloroplast regions examined do not accurately reflect chloroplast evolution.
The phylogenetic analysis of the atpIatpH and trnL-trnF intergenic spacer regions of cultivated Agrostis accessions included four Agrostis species along with the Apera and Polypogon accessions. It is interesting that the Polypogon accessions are closely related to the A. capillaris accessions. Because Polypogon species are known to form intergeneric hybrids with Agrostis species (Barkworth, 2007) , they may have evolved from a common ancestor. Furthermore, it is believed that the genome of the diploid A. canina contributed to the evolution of A. capillaris but not A. stolonifera. The data presented by these chloroplast phylogenies suggest that A. canina is more closely related to A. stolonifera than A. capillaris. Further experiments examining other chloroplast genome regions or nuclear COS DNA sequences may help to further resolve species relationships in Agrostis. An understanding of these relationships is important to turfgrass breeders because they can incorporate related material directly into breeding programs, recreate evolutionary events that led to the high-quality turf-type Agrostis, or introduce novel stress tolerance genes through wide crossbreeding. This study provides valuable information to Agrostis breeders on species relationships and potential sources of novel germplasm. Ultimately this information will guide strategies aimed at better use of Agrostis germplasm resources with the goal of developing new cultivars that require fewer inputs and have high turf quality. 
